INTRODUCTION
============

Small noncoding RNAs including microRNAs (miRNAs) and siRNAs regulate gene expression on posttranscriptional levels ([@gks705-B1],[@gks705-B2]). miRNAs are endogenously transcribed from specific genes generating capped and polyadenylated primary miRNA transcripts (pri-miRNA), which are characterized by hairpins containing the miRNAs flanked by single-stranded RNA segments ([@gks705-B2],[@gks705-B3]). In the nucleus, the microprocessor, composed of several proteins including the RNase III Drosha, cleaves the pri-miRNA and generates a hairpin-structured miRNA precursor (pre-miRNA) that is subsequently exported from the nucleus. In the cytoplasm, the RNase III Dicer cleaves off the loop of the pre-miRNA forming a double-stranded short RNA that contains the mature miRNA as well as the opposing strand termed miRNA\*. In subsequent steps, the two strands are separated and the mature miRNA is incorporated into a miRNA--protein complex \[miRNP also referred to as microRNA-induced silencing complex (miRISC)\], while the miRNA\* is degraded by cellular nucleases ([@gks705-B2; @gks705-B3; @gks705-B4]).

Within the miRNP, the mature miRNA interacts with a member of the Argonaute (Ago) protein family ([@gks705-B5; @gks705-B6; @gks705-B7]). In mammals, Ago1--4 constitute the Ago subfamily of the Ago proteins. Ago proteins are characterized by PAZ (Piwi--Argonaute--Zwille), MID (located between the PAZ and the PIWI domain) and PIWI (P element-induced wimpy testes) domains. The PAZ domain is required for binding of the 3′ end of the small RNA, while the MID domain specifically anchors the 5′ end. The PIWI domain is structurally similar to RNase H and it has been experimentally demonstrated that some, but not all PIWI domains are endonucleolytically active ([@gks705-B8]). Among the mammalian Ago proteins, only Ago2 possesses cleavage activity and is therefore termed Slicer ([@gks705-B9],[@gks705-B10]). Catalytically active Ago proteins also participate in RISC assembly. Ago proteins cleave the passenger strand in perfectly complementary siRNA duplexes leading to efficient RISC loading ([@gks705-B11; @gks705-B12; @gks705-B13]).

In addition to the canonical miRNA biosynthesis pathway, several noncanonical pathways exist. First, miRNAs can be generated from very short introns. After splicing, these introns, referred to as mirtrons, form pre-miRNA hairpins without Drosha processing ([@gks705-B14; @gks705-B15; @gks705-B16]). Second, some miRNAs are generated from small nucleolar RNAs (snoRNAs) without Drosha requirement ([@gks705-B17; @gks705-B18; @gks705-B19; @gks705-B20]). Finally, miR-451 is expressed independently of Dicer. Instead, Ago2 cleaves the pre-miR-451 hairpin to form the mature miR-451 ([@gks705-B21],[@gks705-B22]). The precise mechanisms, however, are not fully understood.

miRNAs guide Ago proteins and associated factors to partially complementary target sites predominantly located in 3′ untranslated regions (UTRs) of mRNAs ([@gks705-B23]). As a consequence, the mRNA is degraded or its translation is inhibited. For mRNA degradation, a member of the GW (Glycin-trytophan) protein family (termed TNRC6A-C in mammals) interacts with the Ago protein and recruits the deadenylation machinery to the mRNA leading to poly(A) tail shortening. The mRNA is subsequently decapped and degraded by exonucleases ([@gks705-B24],[@gks705-B25]).

In contrast to miRNAs, siRNAs are fully complementary to specific target RNAs and direct their sequence-specific cleavage ([@gks705-B26]). In mammals, endogenous siRNAs have only been reported in the germ line and siRNAs are predominantly used as research tool for sequence-specific gene knockdown ([@gks705-B3]). SiRNA strands are chemically synthesized and annealed to double-stranded molecules and after transfection, one strand (guide strand) is incorporated into the RISC and directly interacts with an Ago protein. For siRNA knockdown, short-hairpin RNAs mimicking pre-miRNAs have been developed and are widely used as well ([@gks705-B27]).

In Drosophila, miRNAs and siRNAs are sorted into specific Ago proteins ([@gks705-B28],[@gks705-B29]), while sorting of miRNAs or siRNAs into distinct members of the mammalian Ago proteins remains elusive. In fact, a typical siRNA transfection experiment results in loading of all four mammalian Ago proteins ([@gks705-B30]) although only Ago2 is catalytically active and needed for gene-specific knockdown. SiRNAs may interact with partially complementary targets as well ([@gks705-B30],[@gks705-B31]). The inactive Ago proteins (Ago1, Ago3, and Ago4) typically cause unwanted off-target effects by regulating unrelated targets in a miRNA-like manner ([@gks705-B32]). Therefore, developing siRNAs that are exclusively loaded into Ago2 would be a major step forward. In order to generate such a tool, we explored the miR-451 system. We find that miR-451 is indeed only bound by Ago2 and not by other Ago proteins. However, altering the miR-451 hairpin resulted in a reduced processing efficiency. Furthermore, we isolated endogenous Ago1--3 complexes and identified associated miRNAs. We do not find evidence for miRNA sorting in human cells. In addition, Ago identity appears to impact the length of some specific mature miRNAs, while others are not affected.

MATERIALS AND METHODS
=====================

Isolation of single cells and RNA from mouse organs
---------------------------------------------------

The mouse strain C57BL/6 J was used for all experiments with mouse tissues. For isolation of RNA, liver, brain, kidneys and spleen were shock frozen in liquid nitrogen and pulverized in a mortar with a pestle. The crushed tissue was lyzed immediately in peqGOLD TriFast (peqlab), rigorously mixed and incubated 5--10 min at room temperature. The RNA was isolated according to the manufacturer's manual. After precipitation over night at −20°C, the RNA was pelleted for 30 min, 17 000*g* and 4°C. After washing with 1 ml ice-cold ethanol (80%), the RNA was centrifuged again for 30 min, 17 000*g* and 4°C. Pellets were dried for a short time at room temperature, suspended in ddH~2~O and solved at 70°C for 5 min while shaking (1000 rpm).

For preparation of single cell suspensions, livers and spleens of two mice were isolated. The livers were pressed through a cell strainer into a petri dish containing phosphate buffered saline (PBS). Remaining tissue was discarded. The spleens were crushed between the roughened surfaces of two microscope slides. The cells were washed off the slides with posphate buffered saline (PBS) and subsequently pipetted through a cell strainer (BD Falcon, REF 352350, 70 µm nylon). Cells in both suspensions were collected by centrifugation at 200*g*, 4°C for 5 min. To remove contaminating erythrocytes, cells were resuspended in 10--20 ml of ACK lysis buffer (150 mM NH~4~Cl, 1 mM KHCO~3~, 100 mM Na~2~EDTA) and incubated for 5 min at room temperature. Remaining liver and spleen cells, respectively, were collected again by centrifugation (200*g*, 5 min, 4°C). Lyzed (red) erythrocytes remained in the supernatant and were discarded. White pellets were washed once with cold PBS, before cells were lyzed in 25 mM Tris--HCl pH 7.4, 150 mM KCl, 0.5% (v/v) NP-40, 2 mM EDTA, 1 mM NaF for 20 min on ice. Cell debris was removed by centrifugation at 17 000*g*, 4°C for 45 min. The supernatant was shock frozen with liquid nitrogen and stored at −80°C.

Immunoprecipitations and cell lysis
-----------------------------------

### Ago immunoprecipitations

Monoclonal antibodies for human Ago1 (4B8) ([@gks705-B33]), Ago2 (11A9) ([@gks705-B34]), Ago3 (5A3), Ago4 (6C10) ([@gks705-B30],[@gks705-B35]) or mouse Ago2 (6F4) ([@gks705-B36]) were coupled to Protein G Sepharose beads over night at 4°C. Antibody-decorated beads were washed twice with lysis buffer \[25 mM Tris--HCl pH 7.4, 150 mM KCl, 0.5% (v/v) NP-40, 2 mM EDTA, 1 mM NaF\]. For immunoprecipitations (IPs) from mouse tissue, lysates from liver and spleen of two mice were applied. For IPs from transfected HEK 293, cells were grown on 15 cm plates to full density, washed with cold PBS and lyzed in 1 ml of lysis buffer. The lysates were cleared by centrifugation at 17 000*g* for 30 min, before addition to the beads. As a control for the IPs, beads without coupled antibody were used. After 4 h of rotation at 4°C, the beads were washed four times with wash buffer \[300 mM NaCl, 50 mM Tris--HCl pH 7.4, 1 mM MgCl~2~ and 0.1% (v/v) NP-40\] and once with PBS.

For RNA extraction, the immunoprecipitates were treated with Proteinase K (40 µg per sample, in 200 µl 300 mM NaCl, 25 mM EDTA, 2% SDS, 200 mM Tris pH 7.5) at 65°C for 15 min. The RNA was extracted with 200 µl of acidic phenol and precipitated with 2.5 volumes pure ethanol at −20°C overnight. For input samples, 100 µl of the respective lysate was denatured by addition of 1 ml of TriFast reagent. The RNA was subsequently extracted according the manufacturer's instructions. After pelleting the RNA, it was washed once with cold 80% ethanol, dried and solved in H~2~O.

Small RNA cloning
-----------------

Isolated RNA was ligated to a barcoded, adenylated 3′ adapter \[5′-Phospho-T-4nt-Barcode-CGTATGCCGTCTTCTGCTTG-(C7amino)-3′\] by a truncated T4 RNA Ligase 2, the 5′ RNA adapter (5′-GUUCAGAGUUCUACAGUCCGACGAUC-3′) was added in a second ligation step by T4 RNA Ligase 1. The product was reverse-transcribed using the SuperScriptIII First Strand Synthesis Super Mix (Invitrogen) using a specific primer (5′-CAAGCAGAAGACGGCATACGA), followed by a PCR amplification (5′ Primer: 5′ AATGATACGGCGACCACCGACAGGTTCAGAGTTCTACAGTCCGACGATC; 3′ Primer: 5′ CAAGCAGAAGACGGCATACGA). The samples were run on a 6% Urea--PAGE, the bands corresponding to small RNA containing ligation products were cut out and eluted over night in 300 mM NaCl, 2 mM EDTA. The libraries were precipitated with ethanol over night at −20°C, then collected by centrifugation and solved in water.

The libraries were measured on a Genome Analyzer GA*IIx* (Illumina) by Fasteris SA (Geneva) in 1 × 38 bp single-end runs.

Plasmids
--------

Expression of shRNAs was achieved by using a modified pSuper plasmid (oligoengine). All sequences were cloned as oligonucleotides according to the manufacturer's protocol using the restriction enzymes BglII and HindIII. All clones were verified by sequencing. The Imp8 shRNA has been reported before ([@gks705-B35]).

Primers used:

MiR-451 original sense 5′ GATCTCCAAACCGTTACCATTACTGAGTTTAGTAATGGTAATGGTTCTTTTTTA, antisense 5′ AGCTTAAAAAAGAACCATTACCATTACTAAACTCAGTAATGGTAACGGTTTGGA; miR-451 classical sense 5′ GATCTCCAAACCGTTACCATTACTGAGTTTTCAAGAGAAACTCAGTAATGGTAACGGTTTTTTTTA, antisense 5′ AGCTTAAAAAAAACCGTTACCATTACTGAGTTTCTCTTGAAAACTCAGTAATGGTAACGGTTTGGA; siGRK4 classical sense 5′ GATCTCCAACTGCCTGAAGAGACGTCTTTTCAAGAGAAAGACGTCTCTTCAGGCAGTTTTTTTA, antisense 5′ AGCTTAAAAAAACTGCCTGAAGAGACGTCTTTCTCTTGAAAAGACGTCTCTTCAGGCAGTTGGA; siGRK4 mimic sense 5′ GATCTCCAACTGCCTGAAGAGACGTCTTCACGTCTCTTCAGGCAGTCTTTTTTA, antisense 5′ AGCTTAAAAAAGACTGCCTGAAGAGACGTGAAGACGTCTCTTCAGGCAGTTGGA; siImp8 classical sense 5′ ACAGAGATCTCCTTAGTGAGAGTCCAATTAATTCAAGAGATTAATTGGACTCTCACTAATTTTTAAGCTTACAG, antisense 5′ CTGTAAGCTTAAAAATTAGTGAGAGTCCAATTAATCTCTTGAATTAATTGGACTCTCACTAAGGAGATCTCTGT; siImp8 mimic sense 5′ GATCTCCTTAGTGAGAGTCCAATTAACCATAATTGGACTCTCACTACTTTTTTA, antisense 5′ AGCTTAAAAAAGTAGTGAGAGTCCAATTATGGTTAATTGGACTCTCACTAAGGA; mutant \#1 sense 5′ GATCTCCTAACCGTTACCATTACTGAGTTTAGTAATGGTAATGGTTCTTTTTTA, antisense 5′ AGCTTAAAAAAGAACCATTACCATTACTAAACTCAGTAATGGTAACGGTTAGGA; mutant \#2 sense 5′ GATCTCCAAACCGTAACCATTACTGAGTTTAGTAATGGTTATGGTTCTTTTTTA, antisense 5′ AGCTTAAAAAAGAACCATAACCATTACTAAACTCAGTAATGGTTACGGTTTGGA; mutant \#3 sense 5′ GATCTCCAAACCGTTACCAATACTGAGTTTAGTATTGGTAATGGTTCTTTTTTA, antisense 5′ AGCTTAAAAAAGAACCATTACCAATACTAAACTCAGTATTGGTAACGGTTTGGA; mutant \#4 sense 5′ GATCTCCAAACCGTTAGCATTACTGAGTTTAGTAATGCTAATGGTTCTTTTTTA, antisense 5′ AGCTTAAAAAAGAACCATTAGCATTACTAAACTCAGTAATGCTAACGGTTTGGA; mutant \#5 sense 5′ GATCTCCAAACCGTTACGATTACTGAGTTTAGTAATCGTAATGGTTCTTTTTTA, antisense 5′ AGCTTAAAAAAGAACCATTACGATTACTAAACTCAGTAATCGTAACGGTTTGGA; miR-451 loop +1 nt sense 5′ GATCTCCAAACCGTTACCATTACTGAGTTCTAGTAATGGTAATGGTTCTTTTTTA, antisense 5′ AGCTTAAAAAAGAACCATTACCATTACTAGAACTCAGTAATGGTAACGGTTTGGA; miR-451 loop +2 nt sense 5′ GATCTCCAAACCGTTACCATTACTGAGTTCGTAGTAATGGTAATGGTTCTTTTTTA, antisense 5′ AGCTTAAAAAAGAACCATTACCATTACTACGAACTCAGTAATGGTAACGGTTTGGA; miR-451 loop +3 nt sense 5′ GATCTCCAAACCGTTACCATTACTGAGTTCGGTAGTAATGGTAATGGTTCTTTTTTA, antisense 5′ AGCTTAAAAAAGAACCATTACCATTACTACCGAACTCAGTAATGGTAACGGTTTGGA; miR-451 loop +4 nt sense 5′ GATCTCCAAACCGTTACCATTACTGAGTTCGGGTAGTAATGGTAATGGTTCTTTTTTA, antisense 5′ AGCTTAAAAAAGAACCATTACCATTACTACCCGAACTCAGTAATGGTAACGGTTTGGA; miR-451 loop +5 nt sense 5′ GATCTCCAAACCGTTACCATTACTGAGTTCGGGGTAGTAATGGTAATGGTTCTTTTTTA, antisense 5′ AGCTTAAAAAAGAACCATTACCATTACTACCCCGAACTCAGTAATGGTAACGGTTTGGA; 1st wobble sense 5′ GATCTCCAAACCGTTACCATTACTGAGTTTAGTAATGGTAACGGTTCTTTTTTA, antisense 5′ AGCTTAAAAAAGAACCGTTACCATTACTAAACTCAGTAATGGTAACGGTTTGGA; 2nd wobble sense 5′ GATCTCCAAACCGTTACCATTACTGAGTTCAGTAATGGTAATGGTTCTTTTTTA, antisense 5′ AGCTTAAAAAAGAACCATTACCATTACTGAACTCAGTAATGGTAACGGTTTGGA; let-7c genomic sense 5′ GATCTCCTGAGGTAGTAGGTTGTATGGTTTAGAGTTACACCCTGGGAGTTAACTGTACAACCTTCTAGCTTTTTTTTA, antisense 5′ AGCTTAAAAAAAAGCTAGAAGGTTGTACAGTTAACTCCCAGGGTGTAACTCTAAACCATACAACCTACTACCTCAGGA; let-7c classical sense 5′ GATCTCCTGAGGTAGTAGGTTGTATGGTTTTCAAGAGAAACCATACAACCTACTACCTCATTTTTA, antisense 5′ AGCTTAAAAATGAGGTAGTAGGTTGTATGGTTTCTCTTGAAAACCATACAACCTACTACCTCAGGA; let-7c mimic sense 5′ GATCTCCTGAGGTAGTAGGTTGTATGGTTGTACAACCTACTACCTCATTTTTA, antisense 5′ AGCTTAAAAATGAGGTAGTAGGTTGTACAACCATACAACCTACTACCTCAGGA.

Cell culture, transfections
---------------------------

HEK 293 and H1299 cells were cultured under standard conditions (37°C, 5% CO~2~) using Dulbecco's modified eagle medium (DMEM, PAA) supplemented with 10% FBS (Sigma) and Penicillin/Streptomycin (PAA).

For transfection of HEK 293, cells were plated and transfected 5--6 h later with 5 or 15 µg DNA for 10 and 15 cm plates, respectively, using calcium phosphate. Cells were incubated for 40 h and subsequently harvested.

H1299 cells were transfected using 2 µg DNA and 5 µl Lipofectamine 2000 (Invitrogen) per 6 well according to the manufacturer's manual. For longer incubation periods, cells were expanded when necessary.

cDNA synthesis, quantitative real-time PCR (qPCR)
-------------------------------------------------

cDNA synthesis was carried out using 1 µg of total RNA with the First Strand cDNA Synthesis Kit (Fermentas), according to the manufacturer's instructions.

For measurement of siRNA knockdown efficiencies by quantitative real-time PCR, the transcribed cDNA was diluted 1 : 10 and 5 µl of this dilution was mixed with 2 pmol of forward and reverse primer and 10 µl of 2× MESA Green qPCR MasterMix Plus (Eurogentec) in a total volume of 20 µl.

Primers used: GRK4 fwd 5′ AGGAGGAGAACCCTTCCAAA, rev 5′ TTTCCAGCCATTTCCATTGT; GAPDH fwd 5′ AATGGAAATCCCATCACCATCT, rev 5′ CGCCCCACTTGATTTTGG.

Northern blotting
-----------------

Northern blotting was performed as described before ([@gks705-B37]). In short, either 10--20 µg of total RNA or all of immunoprecipitated RNA was separated on 12 or 18% urea gels (UreaGel System, National diagnostics). As a size marker, ribooligonucleotides with a length of 19, 21 and 24 nt were labeled with ^32^P prior to loading. After running the gel for 1 h (12%) or 3--4 h (18%) at 350--450 V, the RNA was semi-dry blotted onto an Amersham Hybond-N membrane (GE Healthcare) at 20 V for 30 min. The membrane was subsequently cross-linked using EDC-solution (0.16M 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide in 0.13M 1-methylimidazole pH 8.0) and incubated for 1 h at 50°C. The membrane was rinsed in water and subjected to prehybridization with hybridization solution. For labeling of a probe antisense to the respective miRNA or siRNA, 20 pmol of a DNA oligo were incubated with 20 µCi of ^32^P in a T4 PNK reaction (Fermentas). The labeled oligo was purified with a G-25 column (GE Healthcare), added to the membrane and together was incubated overnight at 50°C. The membrane was washed twice with 5× SSC, 1% SDS, once with 1× SSC, 1% SDS and wrapped in saran. Signals were detected by exposure to a screen and scanning with the PMI (Biorad).

RESULTS
=======

Ectopically expressed miR-451 interacts with Ago2 only
------------------------------------------------------

Ago2 processes miR-451 independently of Dicer ([@gks705-B21],[@gks705-B22]). Since other human Ago proteins are catalytically inactive in target RNA cleavage, only Ago2 might be involved in pre-miR-451 processing and therefore loaded with miR-451 ([Figure 1](#gks705-F1){ref-type="fig"}A). Short hairpins based on pre-miR-451 would be an attractive tool to generate siRNAs that are exclusively loaded into Ago2. To validate the applicability of the miR-451 system for short hairpin-based gene knockdown, we designed a vector that expresses the miR-451 hairpin. The plasmid was transfected into HEK 293 cells where miR-451 is not expressed endogenously and miR-451 expression was monitored by northern blotting ([Figure 1](#gks705-F1){ref-type="fig"}B, upper panel). MiR-451 was efficiently transcribed and processed in this experiment (Lane 2). We next analyzed binding of the plasmid-derived miR-451 to Ago proteins. We have recently shown that only Ago1, Ago2 and Ago3 are significantly expressed on the protein level in HEK 293 cells ([@gks705-B30]). Therefore, endogenous Ago1--3 was immunoprecipitated using specific antibodies from cells transfected with the miR-451 construct. The co-immunoprecipitated miR-451 was analyzed by northern blotting (Lanes 4--6). Indeed, only the anti-Ago2 antibody co-immunoprecipitated mature miR-451 whereas only background signals were observed in the anti-Ago1 and anti-Ago3 IPs. Figure 1.miR-451 associates with Ago2 only. (**A**) Schematic representation of Ago2-mediated miR-451 processing (upper part) and canonical pre-miRNA processing by Dicer (lower part). (**B**) Constructs expressing wildtype (wt) pre-miR-451 (upper panel) or miR-451 embedded into a classical Dicer-dependent hairpin (lower panel) were transfected into HEK 293 cells. Ago1 (Lanes 4 and 10), Ago2 (Lanes 5 and 11) and Ago3 (Lanes 6 and 12) were immunoprecipitated using specific monoclonal antibodies. Co-immunoprecipitated miRNAs were analyzed by northern blotting against miR-451. Lanes 3 and 9 show control IPs, Lanes 2 and 8 show input samples and Lane 7 a size marker. (**C**) RNA was extracted from the indicated mouse tissues and miR-451 was detected by northern blotting. (**D**) Endogenous mAgo1 (Lanes 4 and 8) or mAgo2 (Lanes 5 and 9) were immunoprecipitated from spleen or liver and co-immunoprecipitated miR-451 (upper panel) or miR-19b (lower panel) was analyzed by northern blotting. Lanes 3 and 7 show control IPs, Lanes 2 and 6 input samples and Lanes 1 and 10 size markers.

Next, we incorporated the miR-451 sequence into a classical hairpin construct ([Figure 1](#gks705-F1){ref-type="fig"}B, lower panel). The construct was transfected and miR-451 expression was analyzed by northern blotting. miR-451 expression from the miR-451 and the classical short hairpin construct were comparable (compare Lanes 2 and 8). However, mature miR-451 was loaded into Ago1, Ago2 and Ago3, when the classical hairpin construct was used (lower panel, lanes 10--12).

Mature miRNAs are not exchanged between Ago proteins
----------------------------------------------------

To test whether miR-451 associates exclusively with Ago2 *in vivo* as well, different mouse tissues were analyzed for miR-451 expression by northern blotting ([Figure 1](#gks705-F1){ref-type="fig"}C). While miR-451 signals were observed in all tissues analyzed, the highest expression levels are found in kidney and liver. Extracts from liver and spleen were generated and endogenous Ago1 and Ago2 were immunoprecipitated using specific antibodies. Co-immunoprecipitated miR-451 was visualized by northern blotting ([Figure 1](#gks705-F1){ref-type="fig"}D, upper panel). A strong miR-451 signal is observed in the anti-Ago2 IP, while miR-451 is not co-immunoprecipitated using anti-Ago1 antibodies indicating that mature miR-451 exclusively associates with Ago2 *in vivo*. As control, all samples were analyzed for the presence of miR-19b, which is a classical, Dicer-dependent miRNA. miR-19b was observed not only in the Ago2 but also in the Ago1 IPs ([Figure 1](#gks705-F1){ref-type="fig"}D, lower panel).

In summary, our data provide evidence that exchange of mature miRNAs between different Ago proteins does not occur, a question that has not been addressed in the small RNA field so far.

The miR-451 hairpin system can be used for siRNA or ectopic miRNA expression
----------------------------------------------------------------------------

Since miR-451 is not only processed by Ago2 but also exclusively loaded into Ago2, we hypothesized that short-hairpin RNAs expressed from a miR-451-like hairpin would avoid catalytically inactive Ago proteins, which are not useful for RNAi experiments. We generated short-hairpin RNAs against GRK4 \[G protein-coupled kinase 4 ([@gks705-B38])\] either as miR-451 mimic or as classical Dicer-processed shRNA ([Figure 2](#gks705-F2){ref-type="fig"}A). Ago1--3 were immunoprecipitated and associated siRNAs were analyzed by northern blotting. Consistently with miR-451 loading, the siRNA derived from the miR-451 mimic construct accumulated only in Ago2 complexes (left panel), whereas the classical shRNA was loaded into all three Ago proteins (right panel). Notably, the mimic construct generated less siRNAs than the classical shRNA. Figure 2.Pre-miR-451-based shRNA expression. (**A**) An siRNA against GRK4 was either embedded into a pre-miR-451-like hairpin (left part) or a classical Dicer-dependent hairpin (right part). Both constructs were transfected into HEK 293 cells and Ago1 (Lanes 4 and 10), Ago2 (Lanes 5 and 11) or Ago3 (Lanes 6 and 12) was immunoprecipitated from the lysates. GRK4 siRNA incorporation was analyzed by northern blotting. Lanes 3 and 9 show control IPs, Lanes 2 and 8 input samples and Lane 7 a size marker. (**B**) Both GRK4 shRNAs described in (A) were transfected into HEK 293 cells. Total RNA was extracted at the indicated time points and GRK4 siRNA production was analyzed by northern blotting using a probe complementary to the guide strand of the GRK4 siRNA. (**C**) Samples described in (B) were analyzed by qPCR for knockdown of GRK4 at the indicated time points. (**D**) siRNAs against Importin 8 were embedded into a pre-miR-451-like hairpin (two different clones were tested, Lanes 2 and 3) or a classical Dicer-like shRNA (Lane 1). The constructs were transfected into HEK 293 cells and siRNA production was analyzed by northern blotting. (**E**) Relative expression levels of let-7c were tested by transfecting the genomically encoded ('genomic') (Lanes 2 and 6), the classical Dicer-like shRNA ('classic') (Lanes 3 and 7) or a pre-451-like hairpin ('mimic') (Lanes 4 and 8). As a background control, RNA from untransfected HEK 293 was used (Lanes 1 and 5).

We next analyzed knockdown efficiency *in vivo*. Both constructs were transfected into H1299 cells and siRNA production was assessed 42, 120 and 140 h after transfection by northern blotting. Again, the classic shRNA generated more siRNA compared with the miR-451 mimic construct ([Figure 2](#gks705-F2){ref-type="fig"}B). For knockdown analysis, RNA was extracted and GRK4 levels were examined by qPCR ([Figure 2](#gks705-F2){ref-type="fig"}C). Indeed, both constructs showed a comparable knockdown of the *GRK4* gene suggesting that miR-451 mimic shRNAs could generally be used for knockdown experiments.

We realized that the GRK4 mimic construct was less efficiently processed than the classical hairpin. Therefore, we analyzed another mimic hairpin containing a siRNA directed against Importin 8 ([Figure 2](#gks705-F2){ref-type="fig"}D). Two clones were transfected into HEK 293 cells and the processed siRNAs were analyzed by northern blotting. Indeed, processing of the mimic hairpin was much less efficient compared with the classical hairpin.

Finally, we analyzed whether the miR-451 hairpin system could be used to express other miRNAs, which has been demonstrated in mammalian cells ([@gks705-B39]) ([Figure 2](#gks705-F2){ref-type="fig"}E). A genomic let-7c sequence, a let-7c containing a fully paired stem (let-7c classic) as well as a let-7c construct mimicking miR-451 were transfected into HEK 293 cells and processing was monitored by northern blotting. While processing from the classical, fully paired hairpin system as well as the genomic hairpin was rather efficient, only little let-7c expression was observed using the miR-451 mimic hairpin.

Taken together, our data indicate that both siRNAs and miRNAs can be placed into a miR-451 mimic hairpin for knockdown or miRNA expression. However, expression of such constructs is much weaker compared with classical, Dicer-dependent hairpins. In fact, it appears that miR-451 is evolutionarily optimized for efficient Ago2 cleavage. Changing the sequence seems to impair processing efficiency.

Structural requirements for Ago2-mediated miR-451 processing
------------------------------------------------------------

The surprising finding that processing of let-7c from a miR-451 mimic hairpin is much less efficient compared with miR-451 processing prompted us to investigate sequence requirements for pre-miR-451 cleavage ([Figure 3](#gks705-F3){ref-type="fig"}). We first analyzed the 5′ end of miR-451 ([Figure 3](#gks705-F3){ref-type="fig"}A). Constructs expressing wild-type miR-451 or an A to U mutation of the 5′-terminal nucleotide were transfected into HEK 293 cells and miRNA expression was analyzed by northern blotting. Structural studies have demonstrated that preferably uridines but sometimes also adenines are efficiently bound by Ago proteins ([@gks705-B40]). We find that both ends are accepted and the constructs are equally well processed. Of note, the construct with the U at the 5′ end generates a predominant product that is 1 nt longer than the wildtype (wt) miR-451 suggesting different anchoring on Ago2. Figure 3.Structure and sequence requirements of miR-451 for Ago2-mediated cleavage. (**A**) A wt miR-451 construct (Lane 2) or a mutant with a changed 5′ end (Lane 3, A to U mutation, mutant \#1) were transfected into HEK 293 cells and processing was analyzed by northern blotting. Lane 1 shows a size marker. (**B**) Nucleotides were inserted into the loop of pre-miR-451 (Lanes 2 to 6) and the constructs were analyzed as described in (A). (**C**) Mutants of the wt pre-miR-451 hairpin were constructed to test the sequence specificity of Ago2-mediated processing. Constructs were transfected into HEK 293 cells and analyzed on individual northern blots, since each mutation alters the resulting mature sequence. Equal amounts of size marker were loaded to provide comparability. (**D**) G/U wobble base pairs at the 5′ end (Lane 4) and near the loop (Lane 5) were mutated to G/C Watson--Crick base pairs and the constructs analyzed as in (A).

Pre-miR-451 possesses a very short loop structure. We systematically extended the loop and analyzed pre-miR-451 processing by northern blotting ([Figure 3](#gks705-F3){ref-type="fig"}B). Addition of 1--3 nt to the loop strongly reduces processing activity. When 4 or 5 extra nucleotides are added to the loop, processing is almost completely abolished. Our data indicate that the very short single-stranded loop of wt pre-miR-451 is essential for Ago2-mediated processing.

Finally, we analyzed sequence requirements within the double-stranded stem of the pre-miR-451 hairpin ([Figure 3](#gks705-F3){ref-type="fig"}C). For this, we changed a number of nucleotides within the stem of the miR-451 hairpin but kept the double-stranded nature of the stem intact. We found that all these mutants are tolerated suggesting that the sequence within the miR-451 stem can be varied.

The wt miR-451 precursor contains two G/U wobbles: one at position 6 counting from the 5′ end of miR-451 and one at the distal end of the stem. Both G/U wobbles were mutated to G/C pairs ([Figure 3](#gks705-F3){ref-type="fig"}D). While the G/U wobble at position 6 appears to be dispensable for Ago2 cleavage, changing the G/U wobble at the end of the stem significantly reduced cleavage efficiency. Our data suggest that the requirement of a G/U wobble at the distal end of the stem restricts the number of potential siRNA target sequences within one gene and might therefore be limited for a broad usage for gene knockdown.

Revisiting miRNA sorting into different Ago proteins in human cells
-------------------------------------------------------------------

Since mature miRNAs are not transferred between the different human Ago proteins ([Figure 1](#gks705-F1){ref-type="fig"}), we asked whether the Dicer-processing machinery selectively loads miRNAs into Ago proteins. Using overexpression of tagged Ago proteins followed by deep sequencing of associated miRNAs, it has been reported that miRNAs indeed preferentially associate with members of the Ago protein family ([@gks705-B41]). Using highly specific monoclonal anti-Ago antibodies ([@gks705-B30],[@gks705-B34],[@gks705-B35]), we immunoprecipitated endogenous Ago1--4 from HeLaS3 cell lysates, extracted the co-purified small RNAs, cloned and sequenced them ([Figure 4](#gks705-F4){ref-type="fig"}A). We have shown previously that Ago4 protein is not found in HeLa lysates ([@gks705-B30]). Consistently, the small RNA profile obtained by anti-Ago4 IP is comparable with the control (an unrelated antibody against the complement system protein RmC from rat). Therefore, Ago4 was not included in our further analysis. Most of the small RNAs found in Ago1--3 were indeed known miRNAs (dark blue). We closely investigated the 10 most abundant miRNAs in Ago1, Ago2 and Ago3 and found that several highly abundant miRNA species are found associated with all three Ago proteins ([Figure 4](#gks705-F4){ref-type="fig"}B, highlighted in color). However, many miRNAs appeared to be selectively associated with one Ago protein suggesting a sequence-specific distribution between the different Ago proteins. We next attempted to validate the sequencing data by northern blotting ([Figure 4](#gks705-F4){ref-type="fig"}C). We analyzed miR-182, which was highly abundant in the Ago1 library (upper panel), miR-92a, which was found in high levels in the Ago2 library (middle panel) and miR-30a that dominated the Ago3 library (lower panel). All miRNAs that we analyzed in northern blots showed a distribution according to the Ago protein expression levels, i.e. Ago2 contributes 65%, Ago1 20% and Ago3 15% to the total Ago pool in HeLaS3 cells ([@gks705-B30]). Our northern blot validation therefore indicates that human miRNAs are not sorted into different Ago proteins. Figure 4.Deep-sequencing analysis of small RNAs associated with endogenous Ago proteins. (**A**) Composition of the small RNA libraries from the input sample and immunoprecipitated Ago1, Ago2, Ago3, Ago4 and control (an unrelated antibody against the complement system protein RmC from rat). (**B**) Table of the 10 most abundant miRNAs associated with Ago1, Ago2 or Ago3. The colors indicate the same miRNA. (**C**) Comparison of the sorting profile from the deep-sequencing data (right side) for miR-182 (top panel), miR-92a (middle panel, right) and miR-30a (lower panel) with profiles resulting from northern blotting (left side).

miRNA length variations in different Ago protein species
--------------------------------------------------------

We further analyzed our small RNA libraries for Ago-specific small RNA features. Most miRNAs vary at their 3′ ends by 1--3 nt. The 3′ extended miRNAs are commonly referred to as isomirs ([@gks705-B42]). We analyzed the global miRNA length distribution among the different Ago proteins ([Figure 5](#gks705-F5){ref-type="fig"}A). We find that all three Ago proteins bind miRNAs ranging from 20 to 24 nt. However, while Ago2-associated miRNAs peak at 22 nt (middle panel, red), Ago1 (left panel, blue) and Ago3-associated miRNAs (right panel, green) also peak at a length of 23 or 24 nt. We further analyzed the nature of the miRNA extentions at the 3′ end ([Figure 5](#gks705-F5){ref-type="fig"}B). In all three Ago proteins, a large portion of the miRNAs perfectly matches the genome, i.e. they are not extended at the 3′ end (dark gray). However, a significant number of miRNAs contain nontemplated additions to their 3′ ends. Closer examination of the 3′ extensions revealed that an A is preferentially added as the first extra nucleotide to the 3′ end ([Figure 5](#gks705-F5){ref-type="fig"}B, right panel, blue). For Ago1, for example, A addition is almost exclusively observed. While U addition is also frequently observed, G or C addition is rather rare. miRNAs with more than one extra nucleotide at the 3′ end constitute only a minor part of the isomirs (other, light gray). In summary, our data suggest that Ago proteins differentially tolerate miRNA length variations. Length variations in Ago proteins are dominated by a single A addition. Figure 5.Ago proteins show different global small RNA binding patterns and nontemplated 3′ extension profiles. (**A**) Length distribution patterns of Ago1 (left), Ago2 (middle) and Ago3 (right). (**B**) Left side: Ago1, Ago2 and Ago3 associated miRNAs were analyzed for nontemplated 3′ extensions, values were calculated in relation to all miRNA reads of the respective library. Perfect: no nontemplated 3′ extensions; A, U, G, C: amount of single nucleotide 3′ extensions; other: sum of all other 3′ extensions (≥2 nt). Right side: each single nontemplated 3′ extension was set in relation to the total number of nontemplated 3′ extensions in the respective library (Ago1, Ago2 or Ago3).

We next validated our data experimentally by analyzing the length distribution of individual miRNAs. Ago proteins were immunoprecipitated and miRNAs analyzed by northern blotting ([Figure 6](#gks705-F6){ref-type="fig"}). The deep sequencing results for miR-23a showed a broader length variation in Ago2 compared with Ago1 or Ago3 ([Figure 6](#gks705-F6){ref-type="fig"}A, upper panel, left graph). Northern blotting confirmed that Ago2 interacts with a broader range of miR-23a isomirs, while Ago1- and Ago3-associated miR-23a is characterized by a distinct length peak (upper panel, right part). Similar results were obtained for miR-30a and miR-21 (middle and lower panels).

We next investigated miRNA examples that show no difference in their length distributions in our sequencing data sets ([Figure 6](#gks705-F6){ref-type="fig"}B). Let-7a shows a distinct length for Ago1, Ago2 and Ago3 in the sequencing data (upper panel, left part). Indeed, using northern blotting we find that let-7a shows a very distinct length in all three Ago proteins (upper panel, right part). Similar results were obtained for miR-27a (lower panel). Figure 6.Ago proteins show distinct length profiles for individual miRNAs. The length pattern of individual miRNAs was extracted from the deep-sequencing data (left side) and compared against the length profiles seen by northern blotting (right side). For this, northern blotting signals for each miRNA band were quantified; the total signal from each lane/each Ago was set to 100%. The length of a miRNA in northern blotting was assessed by comparison with the size marker. miRNA length profiles were separated into: (**A**) miRNA length profiles showing divergent Ago association and (**B**) miRNA length profiles showing matching Ago1--3 association.

Taken together, our results suggest that human miRNAs are characterized by individual isomir patterns with differential binding to Ago proteins.

DISCUSSION
==========

An unsolved problem in RNAi experiments is that transfected synthetic or shRNA-derived siRNAs are loaded into all four Ago proteins ([@gks705-B30],[@gks705-B43]). Only Ago2 is catalytically active and needed for efficient gene knockdown. Ago1, Ago3 and Ago4, however, may cause unwanted off-target effects by binding to partially complementary target sites in unrelated 3′ UTRs leading to miRNA-like gene silencing effects ([@gks705-B30]). It has been demonstrated that miR-451 processing is Dicer independent and pre-miR-451 is cleaved by Ago2 ([@gks705-B21],[@gks705-B22]). Here we show that miR-451 is not only processed by Ago2 but also loaded exclusively into Ago2-containing RISCs. This experimental observation immediately points to an attractive method for specific knockdown experiments. ShRNAs mimicking the pre-miR-451 hairpin in size and structure but containing any given siRNA sequence might only interact with Ago2. We have tested this hypothesis and found that indeed siRNAs can be generated from pre-miR451-like shRNAs. However, processing as well as silencing activity was not as efficient as shRNAs that are processed by Dicer. Although pre-miR-451-like shRNAs are indeed loaded into Ago2-containing RISCs, we conclude from our study that such constructs are less efficient than classical Dicer substrates.

In Drosophila, small RNAs are sorted into different Ago proteins ([@gks705-B28],[@gks705-B29]). However, miRNA sorting is less clear in mammals so far. Furthermore, it is not known whether miRNAs are able to dissociate from Ago proteins after processing and RISC loading allowing for an exchange of mature miRNAs between Ago proteins. It has been demonstrated that a protein termed hnRNPE2 can interact with a specific miRNA and sequester it from Ago proteins ([@gks705-B44]). We find that mature miR-451 associates exclusively with Ago2 indicating that dissociation and re-association with Ago proteins does not occur in case of miR-451. It is tempting to speculate that mature miRNAs are tightly anchored into Ago proteins and miRNA exchange between human Ago proteins is rather unlikely.

Using endogenous Ago protein isolation followed by cloning and deep sequencing, we found that miRNAs are not sorted into different human Ago proteins. It has been reported before that several miRNAs show distinct Ago association patterns ([@gks705-B41]). These studies used Ago overexpression and relied on deep-sequencing data. Validation using direct northern blotting has not been performed. It has been demonstrated that small RNA cloning might introduce both ligation and PCR biases into the library composition ([@gks705-B45]). This might explain our different findings. However, it is also conceivable that miRNAs might associate with Ago protein sequence specifically in other cell types or cell stages.

Our deep-sequencing approach of Ago-associated miRNAs revealed that Ago identity impacts the length of the bound miRNA. A very recent study showed that miRNAs are generally shortened during mammalian brain development ([@gks705-B46]). The shortening is due to a change in Ago protein expression suggesting that Ago identity affects the length of miRNAs. These findings are consistent with our results. However, in our study some miRNAs are characterized by a clear and distinct length (e.g. let-7a, [Figure 6](#gks705-F6){ref-type="fig"}) independently of the Ago protein, which they bind to. These findings indicate that Ago identity is not the sole determinant of the miRNA length. So far unidentified factors might associate with Ago proteins under specific conditions and trim or extend the 3′ end of the miRNA.

A closer investigation of endogenous Ago-associated miRNAs revealed that a significant portion of miRNAs contain nontemplated A additions at the 3′ ends. It has been demonstrated that uridityl transferases such as TUT4 add poly-U stretches to precursors of members of the let-7 family leading to miRNA degradation ([@gks705-B47; @gks705-B48; @gks705-B49]). However, this mechanism seems to be let-7 specific and has not been found for other miRNA species. In contrast, mono- or di-nucleotides are often added to the 3′ end of other miRNAs ([@gks705-B42],[@gks705-B50; @gks705-B51; @gks705-B52]). It has been shown recently, that miRNAs carrying a single A addition are preferentially bound by overexpressed myc-tagged Ago1 ([@gks705-B53]). Although we find a stronger enrichment of A addition in Ago1-associated miRNAs, extensions of Ago2- and Ago3-associated miRNAs is also dominated by A ([Figure 5](#gks705-F5){ref-type="fig"}B). Therefore, we conclude that A and U are the predominant nucleotides that are added to the 3′ end of the miRNA. However, Ago protein identity has only a minor effect on nucleotide addition to miRNAs.
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